ABSTRACT An earthquake is a natural disaster with great destructive power and the potential to cause severe damage to building structures. The rapid convergence of control systems is extremely important when a building structure suffers an earthquake. Here, an adaptive hyperbolic tangent sliding-mode control method is proposed to guarantee rapid convergence and eliminates the problem of chatter. Since seismic waves are uncertain, the proposed method combines traditional methodologies with adaptive compensation control. Simulation experiments show that the proposed method can effectively eliminate system chatter while maintaining rapid convergence, therefore effectively improving the seismic performance of the building structure.
I. INTRODUCTION
Earthquakes are a natural phenomenon caused by the sudden release of energy from the earth's surface. Severe earthquakes can lead to disaster for the affected areas. Advanced antiseismic technology can greatly reduce human casualties and property damage, and improving the seismic performance of building structures is vital.
With the continuous development of modern control theory, the field of structural vibration control has also grown rapidly (see [1] - [10] ). The main traditional vibration suppression methods include passive control, active control, and semiactive control. Passive control increases the difficulty of generating resonance and reduces the seismic response of the main structure by changing the dynamic characteristics of the structural system (see [11] - [13] ). Active control exerts a control force on the structure of the actuator to change the system characteristics of the structure (see [14] - [18] ). Semiactive control combines the advantages of active control and passive control, generating a control force by utilizing the vibration energy of the structure (see [19] - [21] ). Although these methods can increase the stability of the system, most of them do not consider the rapid convergence of the system, which may result in disaster to the building structure.
To guarantee the rapid convergence of the system, slidingmode control is applied to structural vibration control. In the transient process of the control system, the sliding-mode variable structure control can be switched in a jump manner according to the current deviation of the system and its various derivatives. Thus, the system state quickly enters the sliding plane, and then the sliding mode motion is obtained, resulting in rapid convergence (see [22] - [28] ). However, sliding-mode control may exhibit chattering in practical settings, which hinders physical implementation.
Since the hyperbolic tangent function avoids the direct switching of the control input and eliminates the problem of system chatter, the system can respond to the outside world in a timely manner, which facilitates its physical implementation (see [29] - [38] ). Therefore, the sliding-mode control method based on the hyperbolic tangent function not only exhibits rapid convergence compared to traditional vibration suppression methods but also considers the more general nonlinear conditions of building structure systems during an earthquake. Thus, this system eliminates system chatter and increases the system stability.
Most existing methods treat seismic waves as a known strong external disturbance. In practice, however, seismic waves are random, uncertain disturbances. In combination with traditional structural vibration control methods, we use adaptive compensation control to solve this problem.
Based on the above discussion, we propose a sliding-mode control method based on the hyperbolic tangent function that effectively solves the problems of chatter and the uncertain seismic wave interference, thereby ensuring the system's rapid convergence without chatter. This method can greatly increase the seismic resistance of the building structure. The main innovations of this method are as follows.
1) Most traditional control methods consider seismic waves as known strong external disturbances. However, seismic waves are actually uncertain. Moreover, the control system requires fast convergence. Thus, a combination of sliding-mode control and adaptive compensation control is proposed to ensure the rapid convergence of the structural vibration system under uncertain seismic waves. 2) Chatter can have a significant impact on the stability of our structural vibration system and even endanger the safety of the building structure. Avoiding chatter through the direct switching of control inputs is difficult; thus, to ensure that the system is continuous, smooth and derivable, a sliding-mode control method based on the hyperbolic tangent function is proposed to mitigate the chatter of sliding-mode control. The rest of this paper is structured as follows. In Section II, models and problem formulations are proposed. In Section III, the control effect of the proposed method is compared with that of the linear quadratic regulator (LQR) control method and switching function control method. Simulation results show that the proposed method can satisfy the system requirement of rapid convergence and effectively eliminate the chatter in sliding-mode control. In Section IV, the conclusions are presented.
II. MODELING OF BUILDING STRUCTURES WITH UNCERTAIN EARTHQUAKES
We use the interlaminar shear building structure for modeling. Then, a building structure based on n degrees of freedom is simplified to an n-layer building structure. Under the effect of an earthquake, the motion equation for the building structure is
where
T is the displacement vector of the structure; z i (i = 1, 2, . . . , n) is the displacement of the ith floor of the structure relative to the ground; and M , C, and K represent the stiffness matrix, the mass matrix, and the damping matrix, respectively. F = −MI represents the transform matrix for the ground seismic acceleration, where I = [11 · · · 1] T is a unit column vector of size n × 1. In addition,ẍ g is the ground seismic acceleration, E is a matrix containing the locations of the actuators, and U is the control input.
We define a state-space vector as
=Ż . The state-space version of equation (1) isẎ
The controllability of a building structure in an earthquake can be certified through the rank criterion. Thus, the structural vibrations can be constrained by designing a control variable.
We set
where V = [u 1 , u 2 , . . . , u n ] T is variable and u i is the controller that needs to be designed for each layer. From equations (2) and (3), we obtaiṅ
Defining f = −ẍ g , the system consists of n mutually independent subsystems:
Because of the uncertainty of seismic waves, further analysis is difficult. Thus, adaptive hyperbolic tangent slidingmode control is used.
III. ADAPTIVE CONTROLLER DESIGN A. ADAPTIVE HYPERBOLIC TANGENT SLIDING MODE CONTROLLER DESIGN
Since the EL seismic wave is bounded, it has a maximum. Setting |f | ≤ D, u i is the ith controller and y 1i , y 2i is the displacement of the ith floor of the building structure relative to the ground. Thus, the model of a building structure facing uncertain earthquakes can be written aṡ
The sliding-mode function is
where c satisfies the Hurwitz condition c > 0 and e = y 1i − y 1r , where y 1i is the displacement of the ith floor of the building structure and y 1r is the reference displacement. Generally, the reference displacement is taken to be zero.
Remark 1: EL seismic waves are the most severe seismic waves. They were also the first seismic wave for which all process data were recorded. EL seismic waves are bounded and have a maximum value. We set this maximum value to D, which is a reasonable value that represents a real-life situation. Since f represents seismic waves, there is an inequality |f | ≤ D.
From
We define the following Lyapunov function:
The derivative of equation (9) iṡ
From equation (8), we obtain
Traditional sliding-mode control based on a switching function is usually designed as
Remark 3: The switching function is discontinuous and thus is unsuitable for certain situations. Since the hyperbolic tangent function is continuous and smooth, it is used instead to effectively reduce the chatter in sliding-mode control.
The hyperbolic tangent function is 
where ε > 0 and the speed of the inflection point of the hyperbolic tangent function depends on the value of c. Based on the above discussion, the adaptive hyperbolic tangent controller is proposed as follows:
Lemma 1 (See [33] ): For any χ ∈ R, there is a constant ε > 0 for which the following inequality holds:
Based on equations (11) and (14), we obtain
According to Lemma 1, we have
Furthermore,
−Ds tanh
Thus,
Moreover,
SettingḊ = λ(s − µε) − γD, we obtaiṅ
Setting c = min{2η, γ }, we obtaiṅ
B. ANALYSIS OF STABILITY
Based on this design, we can obtain our main result: a system that converges rapidly. From [34] , we can obtain the following lemma. Lemma 2: For V : [0, ∞) ∈ R, the solution of the inequalitẏ
where α is an arbitrary constant. Thus, setting b = γ 2λ D 2 + Dµε, the inequality (24) can be rewritten asV ≤ −cV + b. The solution to this inequality is as follows: This inequality can also be described as
Based on the above discussion, the system converges rapidly and reaches a stable state. Remark 4: From inequality (27) , V (t) gradually converges, and the convergence accuracy depends on D, ε, γ , λ and η. The convergence accuracy decreases with decreases in D, ε, and γ and with increases in λ and η. Under the joint action of these parameters, the system exhibits guaranteed rapid convergence.
IV. SIMULATION CONTRAST ANALYSIS
In example 1, the simulation results show that the proposed method can suppress seismic waves while eliminating chatter problem. Example 2 provides further verification. In this part, different control methods are simulated, including LQR control, switching function control and adaptive hyperbolic tangent sliding-mode control. Based on a three-layer building structure, the system is subjected to an EL earthquake wave. The maximum earthquake acceleration is a max = 3.417m/s 2 . The parameters for the adaptive hyperbolic tangent sliding-mode control are c = 3, η = 12, and ε = 0.02.
Example 1: The different simulation curves for the displacement, velocity, acceleration response, and control force and the two parts for the first floor are shown in Figs. 1-4 under no control, LQR control and the proposed control scheme.
Under the premise that the speed and acceleration of the proposed method are greater than those for the LQR control method, as shown in Fig. 1 , the proposed method has a faster displacement response and is closer to zero than the LQR control method, which implies that the proposed method converges faster. Fig. 4 clearly shows that the proposed method can eliminate system chatter better than LQR control.
As shown in Table 1 , compared with no control, the maximum displacement of the first floor is decreased by 80.8% under LQR control, and the maximum velocity is also reduced by 53.7%. Nevertheless, compared with no control, under the proposed control method, the maximum displacement of the first floor is decreased by 98.2%, the maximum velocity is reduced by 91.1%, and the maximum acceleration is reduced by 28.3%. The results show that the proposed method can effectively eliminate chatter while -suppressing the seismic wave. As shown in Fig. 5 , the proposed method exhibits the same fast convergence performance as switching function control. However, Fig. 8 shows that the proposed method can better eliminate system chatter. Table 2 shows that, compared with no control, under the switching function control method, the maximum displacement of the first floor is decreased by 98.2%, and the maximum velocity is reduced by 94%. The maximum displacement of the first floor is decreased by 98.2%, the maximum velocity is reduced by 91.1%, and the maximum acceleration is reduced by 28.3%. Nevertheless, Fig. 8 shows that the switching function control force exhibits 74732 VOLUME 6, 2018 stronger chatter than the proposed control method, which does not satisfy our requirements.
According to the above two examples, both control methods can effectively restrain vibration under normal situations compared to the case with no control. However, in the case of strong chatter, the proposed control method can suppress structural vibrations more effectively than the switching function control method. In addition, the interstory displacement is controlled within a small range. The displacement, velocity and acceleration tend toward small ranges of values and ultimately stabilize. Therefore, the adaptive hyperbolic tangent sliding-mode control algorithm can better protect building structures against damage from earthquakes and effectively reduce chatter.
V. CONCLUSIONS
In this paper, we propose an adaptive hyperbolic tangent sliding-mode control method for building structural vibration systems for uncertain earthquakes. Ensuring rapid convergence is difficult using traditional structural vibration control methods with uncertain seismic waves. However, this problem can be solved by a sliding-mode control method based on the hyperbolic tangent function. Traditional sliding-mode control will inevitably cause chatter, which leads to considerable challenges for its physical implementation. Furthermore, the practicality of our sliding-mode control method with no chatter must be ensured. Thus, the hyperbolic tangent function is used to design the controller, and the stability of the system can then be demonstrated. After designing the controller, the control effect of the sliding-mode control method based on the hyperbolic tangent function is compared with those of the LQR control and switching function control methods. From this analysis, the feasibility and effectiveness of the proposed methods are verified. However, the time lag problem of the actual system input and the application of the proposed method in practical systems are worth further research.
